A model for Type 11 solar radio outbursts is discussed. The radiation is hypothesized to originate in the process of collective bremsstrahlung emitted by non-thermal electron and ion density fluctuations in a plasma containing a flux of energetic electrons. The source of radiation is assumed to be a collisionless plasma shock wave rising through the solar corona. It is also suggested that the collisionless bow shocks of the earth and planets in the solar wind might be similar but weaker sources of low frequency emission with a similar twoharmonic structure to Type 11 emission.
INTRODUCTION
In a previous paper' we calculated the bremsstrahlung emitted from thermal plasmas which co-exist with a flux of energetic (suprathermal) electrons. It was found that under some circumstances the radiation emitted from such plasmas can be greatly increased compared to the emission from a Maxwellian plasma with no energetic particles present. The enhanced emission occurs at the fundamental and second harmonic of the electron plasma frequency.
The object of this paper is to discuss a model for Type I1 solar radio outbursts in terms of the above radiation process. It has been suggested by several authors (for a review of the literature see reference 2) that this radiation is probably produced by longitudinal plasma oscillations which are excited by some mechanism associated with a shock wave rising through the solar corona. The longitudinal waves then convert part of their energy 9 9 into electromagnetic radiation with a frequency we by scattering on density fluctuations in the corona, and part into radiation at 2we by scattering of longitudinal waves by each other ( we is the electron plasma frequency (47rnoe 2/m)1/2).
The present model follows essentially along these same lines with the new feature that we are able to calculate quantitatively the bremsstrahlung from an assumed distribution function for the suprathermal electrons in the shocked plasma and point out the importance of Landau damping of the longitudinal waves by the suprathermal electrons. In the absence of adequate theories of collisionless plasma shock waves to guide us, we also assume that the shock wave in the corona has some of the structural features experimentally observed to characterize the earth's bow shock wave in the solar wind.6
One can visualize the energetic electrons behind the shock front as exciting Cerenkov electron plasma waves which then, through scattering from each other and by ion waves, convert part of their energy into electromagnetic radiation.
We demonstrated previously, sitive to the velocity dependence of the distribution function, f (1) , in the high energy tail ( f includes both thermal and suprathermal electrons). This is because the Cerenkov electron plasma oscillations a r e also re-absorbed through Landau damping by the energetic electrons as well as emitted by them. This leads us to suggest a distribution function of a certain type for the energetic electrons in the shock wave (see Figure 3) , namely one in which there is a gap in velocities between the thermal and energetic electrons. Such distributions are highly radiative (Note since f = f ( I y I ) they a r e also stable). In contrast, distributions which have high energy tails on them (representing a flux of energetic electrons in the medium) which merge continuously with the "thermal1' particles, emit very little electromagnetic radiation. An example of this, namely f e = 4V%/(v2 + V:)3 n 2 , was treated in reference 1. however, that the emission intensity is very senWe shall next summarize briefly some of the observed properties of Type 11 outbursts. It is then also suggested that the earth's collisionless bow shock might emit electromagnetic radiation with a similar structure to Type 1 1 solar emission, but at lower frequencies ( f = w,/2n 2 20-300 kc./sec.). This radiation would only be detectable outside the magnetopause.
CHARACTERISTICS OF TYPE I1 OUTBURSTS
The data in this and the following section is taken from several sources. They include a review of solar radio emission by Roberts,' the chapter by Pawsey and Smerd8 in "The Sun," papers by Maxwell and Thompson, reviews of the literature by Wild, Smerd, and WeissY2 and by Boyd." and more recent Type II, or "slow-drift" radio bursts, appear on the average about 6 minutes after the commencement of a solar flare and probably originate above about 105 km. over the photosphere. They are unpolarized and a large outburstg radiates a total energy integrated over frequency and time of order ergs. This is a s if an area of 1020 cm2 radiated like a black body at a temperature of 1013,
i.e., they are a factor of about l o 7 times more intense than the normal solar thermal emission from the above area.
The duration of these bursts is approximately 1 0 minutes, and their frequencies drift from high to low frequencies, which is interpreted as due to the radio source moving up through the solar corona at about 1 to 1.5 108 cm/sec. Their velocity is deduced from the frequency drift by assuming that the frequencies observed correspond to the local plasma frequency at the source, which in turn depends on knowing the electron density in the region. Independent measurements of the height of the radio source in the corona using a swept-frequency interferometer* leads to electron densities, no , at the source which a r e of order 10 times the accepted values for the quiet corona. The deduced variation of no with height agrees closely with those deduced optically by Newkirkll for typical coronal streamers. The source is thus probably propagating out along a coronal streamer. (See Figure 1. )
One of the most puzzling features of these radio outbursts is the existence in most cases (80%) of a strong second harmonic in the spectrum. Occasionally the second harmonic may be even stronger than the first, and yet there is no The two harmonics sometimes have a similar structure, i.e., variations in intensity o r line breadth occur simultaneously in both harmonics. They also sometimes both split into two sub-bands with a splitting frequency small compared to we . This latter effect is generally thought to have its origin in coronal magnetic fields. Occasionally a "herring bone" effect is also observed,12 i.e., small fast drift bursts (Type ID'S) accompany each of the harmonics.
Another feature recently observed in some events is that the second harmonic appears to originate from deeper in the corona than the fundamental. 13 Smerd, Wild, and Sheridanl4 suggest that this is due to refraction of that part of the second harmonic radiation which is emitted down into deeper regions of the solar atmosphere. Additional refraction effects which may also play a role are due to the radiation traversing the irregular shock front and in leaving the coronal streamer and entering the quiescent corona.
MODEL FOR TYPE II OUTBURSTS
Suppose we assume that in the course of a solar flare a shock wave is generated by the upward expansion of the hot flare plasma into the solar corona. In the absence of adequate theories to guide us we shall assume that the collisionless shock wave is similar in structure to the bow shock wave which has been experimentally observed to be generated by the obstruction the earth's magnetic field presents to the "super-Alfv&nic" solar wind.6 is likely to be turbulent in nature and to propagate at some arbitrary angle to any undisturbed relatively ordered coronal magnetic field which may exist ahead of the wave (see Figure 2) . We note that the shock velocity (of order lo8 cm/sec) is considerably greater than the Alfvh speed, B / m , for the range of densities and field strengths involved at the source of emission in the corona.
(B 2 0(1 gauss) and no 2 106 -lo8 ~m -~) * Thus the shock transition Now in the turbulent region behind the collisionless bow shock wave of the earth, fluxes of energetic electrons are 0 b s e r~e d . l~ The mechanism by which they are energized in or behind the shock front is not yet clear, although it is most plausible that it involves a stochastic process16 in the plasma turbulence behind the front of the wave. We assume that in the collisionless shock propagating up through the coronal plasma, a similar condition of disordered plasma and magnetic field co-existing with a flux of suprathermal electrons exists. On the basis of these assumptions we shall apply our bremsstrahlung calculations to see how many of the spectral characteristics of Type II's we can explain. The turbulent magnetic field behind the shock front will serve both to confine the energetic electrons to that region, and through scattering constrain the velocity distribution for the suprathermal electrons to be approximately isotropic. Although some energetic electrons are likely to escape into the ordered field ahead of the shock, they will rapidly travel upwards along the field lines and thus their intensity ahead of the shock should be much less than that behind the shock front.
Previously we calculated the collective bremsstrahlung1 emitted from plasmas containing energetic particle fluxes , using several distribution functions.
For the present application we shall assume that the plasma behind the shock front in the rest frame of the shock can be represented by the following distributions, f i and fe for the ions and electrons, (-5) where Is = 0 if 1x1 < V, and = 1 otherwise. Ve and Vi are the electron and ion thermal velocities, Ve = (KT/rn)'i2 = (M/rn)'l2 V i ' We also choose Now f ( v ) as given in (2) represents a Maxwellian gas of electrons COexisting with a tenuous isotropic flux of energetic electrons all of which have velocities 1 -v I > VE . We found that distributions of this type a r e highly radiative1 and give enhanced emission at we = (4nnOe2/rn)1/2 and 2 w e . The basic reason for this is due to the gap in velocities Ve < 1 1 I < VE which only the few Maxwellian tail particles occupy. Electrostatic (longitudinal) Cerenkov waves are emitted into the phase velocity range several-Ve < w/k <VE by the energetic electrons, but only reabsorbed (Landau damped) by the few thermal particles far out on the Maxwellian tail. These longitudinal waves then scatter off of each other and emit electromagnetic radiation. for which the suprathermal electrons do contribute appreciably to Landau damping for all longitudinal waves of any phase velocity, gives little increase in the emission. bution of the "suprathermal" particles merges continuously in velocities with that of the "thermal" particles.
This feature is characteristic of distributions for which the distriFor the distributions (1) and (2) the first and second harmonic emission is (taking C 2 1/2 in eq. (58) has a resonance at 2 0 . These resonances (see Figure 4) correspond to a spectrum of electron plasma oscillations (epo's) and ion plasma oscillations (ipo's) in the medium in the sense that they represent Fourier components of the spectral densities for which w and -k a r e approximately related as they would be for propagating Vlasov ion and electron plasma waves. Thus, roughly speaking, and si (k, w ) for the fluctuating number densi-(k, is the i i derives from epo-ipo scattering, and I from epo-epo scattering.
'we 20e
Now we note (Figure 4) that the presence of energetic electrons in the plasma enhances the epo components of See at a? w e , but the fast electrons,do not produce a corresponding excitation of the low frequency ipo modes at w 2 0 . (ComPare see for ,l ? = 1, , B < 1 in Figure 4 ). This results in a situation in which if the exponential factors exp(Vi/2Vz) in (5) and (6) are large, then I This is contrary to the observed fact that Iwe and 1 2 are of comparable orders of magnitude for a Type II outburst. In order to explain the observations we must find a mechanism which -does enhance the low frequency mode excitations in the plasma, and the corresponding I .
>> I .
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Oe *e where g = l / n o L 3 is the plasma parameter. For the coronal plasma g :
Thus if the coronal shock wave is similar in structure to the earth's bow shock, then the spectral densities at frequencies o < < we will be increased by many orders of magnitude, perhaps by as much as lo8 in some wave numbers over those used in the derivation of Various assumptions are now possible for the flux of suprathermal electrons behind the shock front. Thus, suppose we assume that the energy density of the suprathermal electrons is comparable to the thermal energy density of the plasma, i.e., Further, from the observed typical linear dimensions of solar flare plasma, we take the radiating voiume of plasma behind the collisionless shock front to be If the energetic electrons all lie in a velocity range I VI > VE 2 5.5 Ve (Le., a r e in the energy range > 2.5 keV), the total emission becomes I t o t a l ergs/sec., which is the required power output to explain type 11 outbursts.
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In reference 1 we noted two conditions for the applicability of (4) and we shall now show that these are satisfied.
Landau Damping
The first condition is that there be an equilibrium established between the emission and re-absorption (Landau damping) of longitudinal (electrostatic) waves for the small wave-number part of the spectral density in the radiating volume of plasma. This is the case if the linear dimensions, Ls , of the shocked plasma is much larger than the propagation length (~, / k ) (k) for a wave of phase velocity we /k ' g VE . (7, is the Landau damping decrement). We require, for the parameters we have chosen. This condition is therefore satisfied.
Collision Damping
The second condition is that Landau damping be more important than collision (correlation) damping for electron plasma oscillations in the wave-number range considered. Equation (61b) of reference 1 gives this condition as, For the parameters we have chosen the left side of this equation is about 10 times the right side so that this condition is also met. We should point out in passing, however, that even if it were not satisfied, one would still expect greatly enhanced emission although our simple formula (4) would become modified. Thus V 2 1.2 108 cm/sec, we > 1.5 l o 5 a n d L 2 l o 3 cm. Again we assume the electron acceleration mechanism carries a few thermal electrons rapidly up to velocities I v I >, vE , and that the region 1 1 1 < VE is occupied only by a few Maxwellian electrons. In the previous section we made a similar assumption for the plasma behind a coronal shock wave since only then could we get sufficient emission to explain the observed intensity of a Type 11 burst. In the case of the region behind the earth's bow shock a similar energy gap between the thermal and suprathermal electrons may or may not exist, but we shall explore the hypothesis that it does. This is now extremely sensitive to the ratio (Ve/VE). Thus if for example we take vE/Ve a steady frequency of f $ue/27r ? 60 kc./sec.). The two conditions (10) and (11) for the applicability of equation (4) are also satisfied for this choice.
5.5 a s before, and assume u 2 0(1), we find 1~~~1 2 500 ergs/sec. (at Such radiation if it exists would have to be observed outside the magnetopause. Although its power level might be quite low and one would have to contend with possible low frequency background noise from the Sun and magnetosphere of the earth, we think it is worth looking for such emission -both from the earth and other planets. We cannot of course make a reliable prediction of the expected intensity for such a process due to the sensitivity of Izo, to the ratio VE /Ve .
However, such a pheonmenon if detected would give us a much closer look at the physical mechanisms involved in the corresponding solar Type II events.
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